Abstract: A 2-m long Bismuth-oxide-based highly-nonlinear fiber is used to generate Brillouinassisted slow-light. Time delays of 46-ns and a four-fold reduction in the speed of light are achieved for 1 80-ns pulses with a CW pump power ofjust -400-mW.
Introduction
There has been increasing interest over recent years in the development of techniques to control the speed of light propagating within a medium [1, 2] . By exploiting the extreme changes of refractive index associated with the strong absorption of light within ultracold atomic gases, slowing of light to velocities as low as 17ms-1 has been achieved [3] . As well as being of fundamental scientific interest, the ability to controllably slow light to such a degree has a number of implications for optical communications offering, for example, the prospect of devices such as tunable delay lines, optical memories, and buffers.
While most experimental work to date has used exotic media, such as cold atomic gases, recent research has pointed to a more straightforward and practical approach to generating slow-light based on the well-known Brillouin effect in optical fibers [4] . In these early experiments Brillouin scattering within a 2-m length of standard single mode fiber was used to achieve a change from 1.46 to 4.26 in the effective refractive index as experienced by a probe beam propagating within the fiber, i.e. a change in the group velocity in the fiber of -3. However, this demonstration required a pump power of 10 W, limiting its practicality. This is even more the case if one considers deliberately broadening the linewidth of the Brillouin gain in order to accommodate a typical communications signal (e.g. as in [5, 6] ) as this requires yet higher power levels. The need for high pump powers could in principle be overcome by using longer fiber lengths. However, other non-linear effects, such as four wave mixing and Raman scattering, are likely to appear then, which will ultimately degrade the quality of the signal. Moreover, very long fibers present a large time of flight that can cause further synchronization and latency problems. The ideal delay line is one that is able to produce significant delays with respect to its time of flight.
In the work presented herein we have used a 2-m long bismuth-oxide highly nonlinear fiber (Bi-HNL) to achieve a record four-fold reduction in the speed of light, for pump powers ofjust over 400 mW. In terms of time delay we have observed delays of 46 ns, which corresponds to more than three times the time of flight in the fiber (as compared to linear propagation). This development offers the potential for highly controllable tunable delay lines for communications with extremely low latencies.
Experimental setup
The setup we employed for the observation of slow-light in the Bi-HNL is depicted in Fig.1 . It follows the traditional closed-loop structure of pump-probe setups, and allowed us to independently modify the probe frequency and pump power, in order to perform both frequency scans around the Brillouin frequency shift, and pump power sweeps at a fixed probe frequency. The Bi-HNL we used in our experiments was 2 m long, had a 2 tm core diameter and a 3.0 giM2 effective area. The refractive index of the core was -2.22.
The light from a single tuneable laser is divided into two paths, namely the probe (upper) and pump (lower) paths. In the probe path the light is first pulsed using an optical gate formed by an electro-optic modulator (EOM). The BOM is driven by a train of rectangular pulses which are first filtered by a 1.9 MHz electrical low-pass filter (LPF) to generate 180 ns Gaussian pulses. The LPF is used to ensure that the bandwidth of the optical pulses is much narrower than the Brillouin linewidth, making it more convenient to measure delays without distorting the propagating waveforms. The original train of pulses is used as a trigger signal for the digital communications analyzer (DCA) employed to record the output waveforms. Following the technique introduced by Nickles et al. [7] , the pulsed optical signal, is then phase-modulated to generate a spectral side-band that can be used as the probe signal. The probe power is -35dBm at the input to the Bi-HNLF. The various polarization controllers in the set-up are used to ensure the best modulation efficiency and maximum Brillouin interaction in the Bi-HNL.
The pump path consists simply of a high power amplifier that is used to increase the power of the tuneable laser to the hundred milliwatt range. This configuration allowed us to launch pump powers of up to 410 mW into the Bi-HNL. This amplified signal, whose power is monitored by a power meter, is launched at the Bi-HNL and counterpropagates relative to the probe signal. This way, at the appropriate frequency shift, the Brillouin interaction takes place and the probe is both amplified and delayed. This amplified probe is filtered by an FBG bandpass filter to get rid of any back-reflected pump, and then goes through a variable attenuator (VOA) which is used to ensure that the power arriving at the final amplifier is kept constant and well below the saturation level.
We first measured the Brillouin gain characteristics of the Bi-HNL. The Brillouin frequency shift was measured to be 8.825 GHz at 1.55 gm with a FWIIM gain bandwidth of 40 MHz. The dashed line in Fig.2 shows a typical gain profile as measured in our lab. Gains as high as 29 dB were observed for a pump power of410mW.
Experimental results
For our measurements it is quite important to define the objective temporal position of a pulse. Many authors have chosen to use the peak of the pulses for this purpose. However, Brillouin-induced slow-light generation may be accompanied by distortion of the pulse shape because of the narrow bandwidth of the Brillouin gain profile, and it has been mathematically demonstrated that in superluminal propagation there is no casual relationship between the peak position at the input and at the output of the system [8] . We have therefore chosen to use the temporal centre of gravity of the main lobe of the pulse as a better definition of the pulse position throughout our measurements (this parameter will coincide with the position of the peak in symmetric pulses when there is no distortion, as is the case in our experiments). 
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Using this measure for the delay and changing the frequency of the probe around the Brillouin frequency shift co, for a constant pump power of 410 mW, we obtained the delay profile shown in Fig.2a (solid line) . Note that the spectral bandwidth of our pulses (5.5 MHz) is much narrower than the Brillouin gain bandwidth of the Bi-HNL (40 MHz), therefore minimal pulse distortion is observed in all cases (i.e. a pulse broadening of <10%). The delay profile shows areas of significant delay surrounded by others of pulse advancement. The maximum delay obtained was 46 nsec which is more than three times the normal time of flight of the light in this 2-m long fiber. On the other hand, pulse advancements of up to 3 nsec are also observed. This tunable delay line is effectively equivalent to a standard single mode fiber with a length varying between 2.25 and 12.10 m. The maximum delay we have observed corresponds to a group velocity of 0.33108 ms-1, which to our knowledge represents the smallest figure achieved in a fiber to date using this technique. These results also imply a factor of four in the increase in the effective refractive index, which can be continuously varied from -2.2 to -9.1. The significance of using the Bi-HNL both in terms of reduction in required pump power and achievable time delays is evident.
By extending the theory describing the Brillouin effect in fibers we obtain a relation between the observed time delay rand Brillouin gain G('c):
2 Ln(G(cB))2 2 IC 2 )(Ln(G))2 -I Ln(G(c))2 (1) where 7B is the FWIIM gain bandwidth, and G(co) is the Brillouin gain at the frequency shift co. In Fig.2b we plot the experimentally obtained time delay vs. gain when the frequency is swept from 8.79 to 8.82 GHz, and this is compared to the theoretical trend. There is good agreement between the two curves, apart from the region of small delays, where we attribute the deviations from the theoretical behavior to inaccuracies in determining the exact gain. 
